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Assessment of coronary artery stenosis by
magnetic resonance imaging
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Abstract
Objective-The findings of magnetic res-
onance and x-ray angiography were com-
pared for assessment of coronary artery
stenosis in this validation study.
Background-Magnetic resonance angio-
graphy of the coronary arteries has
recently been described, but there has
been no comparison with x-ray angiogra-
phy of localisation or assessment of
important characteristics of coronary
stenosis.
Methods-A breath hold, segmented k-
space, 2D gradient echo imaging tech-
nique incorporating fat suppression was
used in 39 patients (55 coronary stenoses)
with known coronary artery disease.
Results-Overall, 47 stenoses (85%) were
assessed by magnetic resonance (29 of 33
stenoses in the left anterior descending
artery, one ofone in the left main stem, 14
of 17 in the right coronary artery, and
three of four in the left circumflex artery
were detected). There was close agree-
ment between magnetic resonance and x-
ray angiography for the distance of the
stenosis from the arterial origin (mag-
netic resonance mean (SD) 27 (16) mm
versus x-ray angiography 27 (16) mm,
P = NS, mean difference - 0-2 mm). The
distance to 39 stenoses (83%) agreed to
within 5 mm, with increased scatter for
more distal stenoses. The severity ofmag-
netic resonance signal loss, assessed visu-
ally at the site of stenosis, varied
significantly according to the percentage
diameter stenosis (F = 30, P < 0-0001);
stenosis severity with severe signal loss
was 89 (7)%, with partial signal was 70
(16)%, and with irregular wall only 37
(11)%, with significant differences among
the three groups (P < 0.001). A significant
correlation was found between the pro-
portional magnetic resonance signal loss
at the stenosis and the percentage diame-
ter stenosis severity (r = - 0-67, P <
0.0001). The length of stenosis measured
by magnetic resonance (6 (3) mm) was
greater than by x-ray angiography (5 (2)
mm, P < 0-006, mean difference + 1 1
mm). Spearman's rank test showed that
there was significant overestimation of
stenosis length by magnetic resonance as
stenosis severity increased (r. = 0 34, P <
0.02).
Conclusions-Accurate localisation of
coronary stenosis and a qualitative
assessment of stenosis severity are possi-

ble by magnetic resonance, but stenosis
length is overestimated as severity
increases, probably because of disturbed
patterns of flow with turbulence distal to
severe stenoses. Reasonable results for
the detection of coronary artery stenosis
by magnetic resonance were achieved in
this highly selected population, but fur-
ther progress in imaging techniques is
necessary before moving towards appre-
ciable clinical application.

(Heart 1996;75:127-133)
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Imaging of the coronary arteries to localise
stenosis, measure severity and assess the distal
vessel is important in the management of coro-
nary artery disease, and is essential before
revascularisation by coronary bypass surgery
or angioplasty. The invasive technique devel-
oped over the past 35 years, however, uses
intra-arterial catheterisation and injections of
contrast medium, with significant x-ray expo-
sure and a small risk of death and other com-
plications.' 2 At present there is no satisfactory
alternative, but magnetic resonance coronary
angiography is under development despite for-
midable problems which include small vessel
calibre and tortuosity, cardiac and respiratory
motion, and proximity to other tissues of high
water density. The magnetic resonance tech-
nique which has shown good initial results
combines a segmented k-space 2D gradient
echo acquisition with fat suppression within
the period of a breath hold,34 but there are lit-
tle published data on its application in coro-
nary artery disease.56 The aim of this study
was to determine the ability of magnetic reso-
nance imaging to localise coronary stenosis
and assess other characteristics such as sever-
ity and length.

Patients and methods
MAGNETIC RESONANCE IMAGING TECHNIQUE
Magnetic resonance imaging was performed
using a velocity compensated 2D gradient
echo sequence (TE 6'5 ms, TR 15-7 ms) and
a segmented k-space technique,7 such that
eight phase encoding steps were acquired in
each cardiac cycle. Images of 128 x 256
matrix were acquired over 16 cardiac cycles
during breath holding at end expiration. No
respiratory feedback was used. The acquisition
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window for the eight phase encoding steps was
126 ms placed in mid to late diastole, during
the period of minimal cardiac motion. Because
of the high signal from fat which surrounds
the coronary arteries, fat signal suppression
was employed, using frequency selective pre-
excitation and dephasing before water excita-
tion. Studies were performed using a 1-5 T
system (Picker International Vista scanner,
Cleveland Heights, Ohio, USA), with a 60 cm
patient bore. At this field strength, the fat fre-
quency was approximately 210 Hz higher than
water. The field of view was 20 cm and the
slice thickness 5 mm, giving an in plane pixel
size of 1-6 x 0-8 mm. The images were inter-
polated to 512 x 512 for display. Imaging was
performed in the supine position using a lum-
bar spine surface coil over the anterior chest.
The duration of imaging was about 1 h.

CHARACTERISTICS OF PATIENTS
We studied 39 patients (36 men) with chronic
stable angina, who had a mean (SD) age of 55
(9) years. All patients were considered capable
of cooperating with breath holding and were in
sinus rhythm. All were undergoing clinical
investigation for chest pain, and at the time of
magnetic resonance imaging were known to
have either an abnormal thallium tomogram or
x-ray coronary angiogram. The abnormal per-
fusion territory or artery was used as a guide
for which artery to image by magnetic reso-
nance to obviate imaging of normal arteries.
Other than this, no further details of the artery
were known at the time of magnetic resonance
imaging. All patients underwent x-ray coro-
nary angiography within 1 2 (2-4) months and
there were no significant clinical events
between magnetic resonance imaging and x-
ray coronary angiography. There were 55
stenoses with a luminal diameter narrowing of
greater or equal to 50%, of which 33 were
located in the left anterior descending artery
(17 proximal third and 16 mid-third), 17 in
the right coronary artery (eight proximal third,
eight mid-third, and one in the posterior
descending artery), four in the left circumflex
artery (all proximal third), and one in the left
main stem.

IMAGING PLANES USED TO IDENTIFY THE
CORONARY VESSELS
Transaxial images at the level of the coronary
sinuses were acquired to show the origins of
the coronary arteries. Contiguous overlapping
slices were then acquired in the transaxial
plane to show the course of the proximal arter-
ies before descent in the atrioventricular sulci
or interventricular groove. Longitudinal imag-
ing of the arteries was then performed using
multiple contiguous oblique slices with a 4
mm overlap to ensure complete imaging of the
artery as it passed in and out of plane.4 The
right coronary artery was imaged using oblique
planes passing through its origin and its posi-
tion in the atrioventricular groove. The distal
right coronary artery was imaged by locating
the artery between the diaphragm and the
inferior myocardium with an oblique transax-
ial image. Imaging was also performed in an

oblique sagittal or coronal plane. For the left
coronary artery, the main stem was followed to
its division with transaxial images. The course
of the first part of the left anterior descending
artery passing between the left ventricle and
the pulmonary artery was imaged in an
oblique coronal plane. This showed the proxi-
mal artery, the origin of the left circumflex
artery, and the downward inclination of this
portion. From this, an oblique transaxial
image was acquired of the proximal artery.
This improved visualisation of the continua-
tion of the proximal portion of the artery pass-
ing around the pulmonary artery and included
the diagonal branches. Lower transaxial imag-
ing showed the left anterior descending artery
in the interventricular groove, and longitudinal
oblique imaging again showed the more distal
artery. Imaging of the proximal left circumflex
was performed using oblique sagittal planes
passing from the origin of the artery at the
division of the left main stem to the posterior
atrioventricular groove. Perpendicular imaging
planes were used at the site of signal loss for
confirmation and to exclude vessel tortuosity.

ANALYSIS OF MAGNETIC RESONANCE IMAGES
All magnetic resonance images were reviewed
in random order by two experienced observers
(DJP, HGB) who were blinded to the results
of x-ray angiography. Assessments were made
in consensus. Contiguous image sets were
reviewed individually and as a dynamic
sequence. The images were first subjectively
classified into three categories, according to
quality for interpretation, as good, adequate or
poor according to signal to noise, contrast to
noise, and motion artefact. The vessel under
interrogation was divided into thirds (proxi-
mal, mid and distal) and each was categorised
visually as normal or showing significant signal
loss. The degree of signal loss was classified as
severe or partial, and in addition an irregular
vessel outline was noted when present. The
length of the signal loss, together with its dis-
tance from the arterial origin, was measured
using on screen cursors. The proportional
magnetic resonance signal loss was calculated
by drawing a profile along the vessel and divid-
ing the lowest signal value at the centre of loss
by the maximum signal in the adjacent vessel.

ANALYSIS OF CORONARY ANGIOGRAMS
The x-ray angiograms were reviewed in ran-
dom order by two experienced observers
(DJP, HGB) who were blinded to the results
of magnetic resonance angiography. Assess-
ments were made in consensus. The location
and percent luminal narrowing of any signifi-
cant coronary arterial abnormality were
assessed with callipers. Measurements were
also made of the length of stenosis and the dis-
tance from the arterial origin. Absolute mea-
surements were calculated from the known
width of the 7 French gauge (2-3 mm diame-
ter) catheter on the film. A correction was
applied for measurement of arterial lengths in
the x-ray images, which would have been fore-
shortened by a projection angle not perpendic-
ular to the artery. The actual angle of
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inclination of the artery was measured directly
from the transaxial magnetic resonance
images. When the arterial angle differed from
the known projection angle, the foreshortening
effect was corrected by simple geometry.

STATISTICAL ANALYSIS
The comparison of percentage stenosis in the
three magnetic resonance groups (signal loss
severe, partial or irregular wall only) was per-
formed using analysis of variance. Intergroup
differences were subsequently analysed using
Scheffe's F-test. Comparison of magnetic reso-
nance signal loss and percent diameter steno-
sis were performed using linear regression
analysis. Comparisons between distances from
the arterial origin and the lengths of the coro-
nary stenoses by magnetic resonance imaging
and x-ray coronary angiography were per-
formed using a scatter plot and Bland-Altman
analysis.8 Differences between the length of
coronary stenosis between the two techniques
in relation to the severity of the stenosis were
analysed using Spearman's rank test. Two-
tailed tests were used where appropriate; a
probability value of < 0 05 was considered sig-
nificant.

Results
DETECTION OF CORONARY STENOSIS
Image quality was considered good in 23
(59%), adequate in 11 (28%), and poor in five
(13%) cases. Forty seven (85%) of 55 signifi-
cant () 50% diameter reduction) coronary

stenoses were identified by magnetic reso-
nance imaging. Of 33 stenoses in the left ante-
rior descending artery, 17 were in the proximal
portion and 15 (88%) of these were detected.
The remaining 16 stenoses were in the mid-
portion of the artery and 14 (88%) were
detected (fig 1). There were no stenoses in the
distal portion. Of 17 stenoses in the right coro-
nary artery, eight were in the proximal portion
and six (75%) were detected, while of eight
stenoses in the mid-portion eight (100%) were
detected (fig 2). There were no stenoses in the
distal portion of the artery, but one stenosis
was present in the posterior descending artery,
which was not detected. Three (75%) of four
stenoses in the proximal left circumflex artery
were detected. There were no stenoses in the
mid and distal portions. One left main stem
stenosis was seen. Of the eight stenoses which
were missed by magnetic resonance imaging,
the stenosis severity was moderate (64 (12)%,
range 50-80%). In five cases, suboptimal
quality images were a contributing factor, in
two cases the tortuous path of the proximal
right coronary artery hindered adequate imag-
ing, and in one case the lesion was too distal
and was not imaged at all.

In addition to the abnormalities shown by
magnetic resonance imaging which were
judged to be moderate or severe, there were
three areas showing wall irregularity with
minor luminal narrowing but no signal loss. At
two of these sites, minor plaque formation was
seen in the x-ray images with a luminal stenosis
of 30%, and at the third a 50% stenosis was

Figure 1 (A) Gradient
echo image in a left oblique
sagittal plane and (B) x-
ray angiogram of a severe
stenosis (arrow) in the
mid-left anterior
descending artery.

Figure 2 (A) Gradient
echo image in a right
oblique sagittal plane and
(B) x-ray angiogram of
two stenoses (arrows) in
the proximal and mid-right
coronary artery.
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present. These wall irregularities were identi-
fied in magnetic resonance images of particu-
larly high quality, but there were numerous
other minor plaques in the x-ray images which
were not detected by magnetic resonance.

There were five false positive areas of signal
loss in the magnetic resonance images erro-
neously thought to represent significant coro-
nary stenosis. In two cases this was caused by
signal loss associated with passage of the artery
in and out of the imaging plane (proximal left
anterior descending artery and mid-right coro-
nary artery). In retrospect the tortuosity could
have been identified from the images obtained
in the perpendicular plane. In two patients, an
area of signal loss was ascribed to stenosis
when the quality of the imaging was subopti-
mal (proximal right coronary artery), and in
one patient signal loss was thought to repre-
sent a severe stenosis but was in fact localised
artefact from a metal clip on an adjacent
occluded right coronary saphenous bypass
graft.
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ASSESSMENT OF THE DISTANCE OF THE STENOSIS
FROM THE ARTERIAL ORIGIN
Figure 3 shows the scatter plot and Bland-
Altman analysis of the distances of the
stenoses identified by both techniques from

Figure 3 (A) Scatter plot
and (B) Bland-Altman
plot comparing the distance
to the stenosis as measured
by x-ray and magnetic
resonance angiography.
The line of identity is
shown. Overall agreement
was good with increased
scatterfor more distal
stenoses. MRI, magnetic
resonance imaging.

6

E

L-

.0
C
.)

._

0
Cu

0
-a)0
CCu
U)0W

5

4

3

2

0I
-A 00

~~~~~~~0000
0~~~~~~~~~~~~
0 0.0~~~~~~~~~~

to *0 0

0.8

, 0.7
en
0

X 0.6
c

-0.5

0
't 0.4
0

CL 0.3
cs

2 0.2

0.1

* 0

50 60 70 80 90 100

x-ray diameter stenosis (%)

B
Upper 95% limit
0

0 00 0 0
0--.

=-00 ~~~~~Mean

- ~ ~~* Lower 95% limit

their arterial origin. There was close agree-
ment between the techniques (magnetic reso-

nance mean (SD) 27 (16) mm versus x-ray
angiography 27 (16) mm, P = NS, mean dif-
ference -0-2 mm, 95% limits of agreement
- 7-7 to 7-2 mm). The distance to 39 stenoses
(83%) agreed to within 5 mm. The compari-
son of distances was particularly good for
proximal stenoses within 25 mm of the origin,
but the spread increased for more distal
stenoses.

ASSESSMENT OF STENOSIS SEVERITY

-10 i I IiIACCORDINGTO SIGNAL LOSS

0 10 20 30 40 50 60 70 80 Comparison of the mean percent stenosis in
Mean distance to arterial origin (mm) the three groups showed significant variation

* ;* Figure 4 Comparison of severity of coronary stenosis as
- <.: assessed by x-ray angiography and magnetic resonance

l0 * imaging (MMI). (A) The mean percentage stenosis is
significantly different in each group (severelpartial signal
loss, or wall irregularity) suggesting that visual assessment

0 ,, I,, ,, , ofsignal loss is a qualitative guide to stenosis severity. (B)
0 10 20 30 40 50 60 The significant relation between the proportional magnetic

resonance signal loss at the site ofstenosis was measured
Distance to arterial origin by MRI (mm) directly on screen and the diameter stenosis severity was

assessed by x-ray angiography. This confirms the
qualitative results and shows the reasonably wide scatter
that was observed. The line of regression is shown.
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Figure 5 (A) Scatter plot
and (B) Bland-Altman
analysis of the length of
stenosis as assessed by
magnetic resonance
imaging (MRI) and x-ray
angiography. There is
more scatter than for the
equivalent comparison of
distance to stenosis with a
net overestimation of
stenosis length by MRI.
The line ofidentity is
shown.
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angiography. Figure 4 (B) shows a significant
relation between stenosis severity and mag-
netic resonance signal loss (r = - 067 P <
0000 1), although there is considerable scatter

* in the individual measurements.

ASSESSMENT OF STENOSIS LENGTH
Figure 5 shows the scatter plot and Bland-

* * Altman analysis of the length of the stenosis as
assessed by magnetic resonance imaging and
x-ray angiography. There was considerably
more scatter than for the comparison of dis-
tances of stenoses from the arterial origin.

LI,,,, Overall magnetic resonance imaging overesti-
10 12 mated the length of coronary stenosis (6 (3)

mm versus x-ray angiography 5 (2) mm, P <
0-006, mean difference 11 mm, 95% limits of
agreement - 4 to 6 mm). A plot of the differ-

95% limit ence in stenosis length between magnetic reso-
nance imaging and x-ray angiography with a
least mean squares line fit suggested increasing
overestimation by magnetic resonance as
stenosis severity increased (fig 6). Spearman's

Mean rank test confirmed that this finding was sig-
nificant (r, = 0 34, P < 0 02). Therefore, the
higher stenosis length as assessed by magnetic

95% limit resonance imaging occurred because of over-
-95% limit estimation in arteries with the more severe

stenoses.
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Figure 6 Comparison of
the difference between
stenosis length by magnetic
resonance and x-ray
angiography, with the
severity of the stenosis.
There are more points
above the line of identity
suggesting an
overestimation by magnetic
resonance imaging (MRI).
A least squares bestfit
regression line is shown,
which suggests greater
deviation with stenosis
severity > 80%.
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Magnetic resonance angiography of the larger
and relatively stationary vessels has progressed

k)). The mean rapidly over the past few years and the results
89 (7)%, when now rival conventional angiography for
hich was signifi- carotid,9 renal,'0 and peripheral arteries."
n (SD) stenosis Magnetic resonance imaging also has potential
ss (70 (16)%) (P for non-invasive coronary artery imaging which
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n addition, the movement. In normal individuals, a combina-
I signal loss and tion of transaxial and oblique imaging has been
osignificant (P < shown to visualise 5 cm of the left anterior
f magnetic reso- descending and right coronary arteries and
.fore performed rather less (2-5 cm) of the left circumflex
gnetic resonance artery,34 the difference being related to lower
ore and after the signal intensity in the posterior tissues because
Le magnetic reso- of the distance from the anterior placed surface
This was per- coil. Experience with the technique is increas-

Dportional signal ing, however, and in some patients up to 10 cm
apared with the of the anteriorly located arteries and up to 6 cm
;sessed by x-ray of the posteriorly located artery may be seen.

The new magnetic resonance technique needs
to be validated against the x-ray method, and
studies in normal individuals are supportive,
with comparisons of the proximal coronary
arterial diameters measured by magnetic reso-

nance imaging not being statistically different
. . from reference values,'2 or the diameters mea-

sured by x-ray angiography.34 Comparisons of
** >/ total coronary area and its relation to body sur-

face area are also not statistically different from
reference values.4 Resolution of the magnetic

**.** resonance technique at present is inferior, how-
ever, and there have been few studies in
patients with coronary artery disease.5 It was

the aim of this study to validate this new tech-
|111 nique in assessment of coronary artery stenosis,
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Localising coronary artery stenosis by mag-
netic resonance imaging is important because it
permits a confident comparison of the site of
signal loss with the findings of x-ray angiogra-
phy. Without an accurate comparison it is diffi-
cult to be certain that signal loss is in fact
occurring at the site of stenosis, because of the
differences in appearance of the tomographic
and projection images. As shown in fig 3, there
was a close correlation between the distances
from the arterial origin to the stenosis by both
techniques. In 83% of stenoses, the location
measured by magnetic resonance imaging was
within 5 mm of that measured by x-ray angiog-
raphy. The agreement between the techniques
was less good for the more distal lesions, but
this probably reflects errors in measurements
from the x-ray angiogram. In addition to show-
ing that coronary stenosis can be accurately
located by magnetic resonance imaging, it was
usually also possible to establish the relation of
the coronary stenosis to the nearest major
branches, such as the septal and diagonal ves-
sels for the left anterior descending artery, or
the acute marginals for the right coronary
artery. The branches of the left circumflex
artery were less easy to identify with confi-
dence. There are three implications of this
result: firstly, that magnetic resonance signal
loss is indeed occurring at the site of coronary
stenosis; secondly, comparison of a tomo-
graphic angiogram with a projection angiogram
may be made confidently for the localisation of
stenosis; and thirdly, that when a suspicious
area of signal loss is seen on the magnetic reso-
nance angiogram, its location can be measured
and used in subsequent images in oblique or
perpendicular planes to establish whether the
signal loss is constant and likely to be due to
stenosis, or, for example, a tortuous curve.
The degree of stenosis is not accurately

assessed by magnetic resonance angiography,
but we have shown that qualitative variables
can be used to divide stenoses broadly into
moderate and severe according to the level of
signal loss. Thus when severe signal loss was
seen the mean diameter reduction was 89%
compared with 70% when the signal loss was
partial. A significant relation between the pro-
portional magnetic resonance signal loss at the
site of stenosis and percent diameter stenosis by
x-ray angiography was shown to exist, although
considerable variation was present in the
results. Further work on defining this relation
may improve results. Wall irregularities were
also seen by magnetic resonance angiography,
and these occurred at the site of plaques with
minor luminal reduction by conventional criteria
(mean 37%). In addition, the length of the signal
loss was also related to stenosis severity, such
that magnetic resonance angiography overesti-
mated the length progressively as the severity
increased. Therefore both the intensity of the
signal loss and its length may be useful in dis-
tinguishing severe from moderate stenosis. The
reason for the increased signal loss with greater
stenosis is probably related to turbulent flow
which causes incoherent intravoxel phase dis-
persion and signal loss. This effect can be
reduced by reducing the echo time of the

sequence, but this may have an effect on the
detection of less severe stenosis and requires
higher gradient strengths.

FUTURE DIRECTIONS
The current resolution of magnetic resonance
coronary angiography is lower than x-ray
angiography, and it is unlikely therefore to
allow a comparable estimation of diameter
stenosis severity. Despite the well known prob-
lems with using percent diameter reduction as a
standard for judging stenosis severity'3 '4 it is
nevertheless a commonly used clinical tool.
One means by which magnetic resonance imag-
ing might improve assessment of stenosis sever-
ity is to measure the increase in velocity at the
stenosis, because the change is in proportion to
the area of stenosis. This is achievable in princi-
ple using magnetic resonance velocity mapping
to demonstrate the increase in velocity at the
stenosis. Early studies of this technique in nor-
mal individuals have proved promising.'5 In
addition, magnetic resonance techniques for
respiratory monitoring and feedback may help
considerably by simplifying breath holding for
the patient, allowing imaging in dyspnoeic
patients and improving breath hold repro-
ducibility.'6 Faster imaging techniques are also
likely to reduce coronary and respiratory
motion artefact.'7

LIMITATIONS OF THIS STUDY
This validation study was designed to compare
magnetic resonance and x-ray angiography of
individual stenoses and all patients were known
to have coronary artery disease on the basis of
thallium imaging or x-ray angiography. The
patients therefore were highly selected. For this
reason, no attempt has been made to quote
specificity for detection in this study, and the
sensitivity for detection of stenosis should be
interpreted cautiously, because while we quote
the results of detection, this was not the pri-
mary aim of this study and studies of patients
with a lower incidence of coronary disease
would yield different results. The single image
breath hold technique used in this study has
certain limitations which might limit its use
clinically. The first problem is that of registra-
tion of different breath hold images despite
efforts to encourage patients to hold their
breath in a consistent way. The effect that this
has is particularly noticeable in the transaxial
images, but even in the oblique sagittal and
coronal images translation or twisting of the
artery may interfere with interpretation. A sec-
ond problem is that of any inability to cooper-
ate with the breath hold technique. This may
occur because of inattention, or dyspnoea in
the supine position from cardiac or respiratory
problems. Technical advances as described ear-
lier may alleviate these problems.

Conclusions
Significant technical and clinical progress is
being made in magnetic resonance coronary
angiography. This study demonstrates that in
selected circumstances magnetic resonance
with the current 2D breath hold technique is
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making encouraging progress towards the
results of x-ray angiography for detection and
localisation of stenosis, with a qualitative
assessment of diameter stenosis severity and
stenosis length. Widespread clinical applica-
tion of magnetic resonance techniques will
probably require faster image acquisition,
reproducible breath hold techniques, and
velocity measurements within the coronary
arteries. Technical advances on all these fronts
are in progress.
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thank the cardiologists at the Royal Brompton Hospital and Dr
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